Abstract: Gypsum combined with leguminous residue may extend rootability and improve growth and maize grain yield. The aim of this study was to evaluate the combined effects of gypsum and leguminous residue on soil rootability in the root zone and on maize grain yield in a cohesive tropical soil. We used seven treatments: (i) control; (ii) urea; (iii) leguminous; (iv) 6 t/ha of gypsum with leguminous or (v) with urea or (vi) with both; and (vii) 12 t/ha of gypsum with urea and leguminous. Gypsum was applied in January 2010 and soil samples were analyzed in 2012-2015. Maize was sown in 2011-2013 and 2015, when maize yield was determined. Soil penetration strength and the analysis of plant tissue was performed in 2015. The leaf area index, nitrogen accumulation amount, total N concentration and amount of N remobilization were also determined in 2015. Gypsum with leguminous residue modified the root zone by increasing calcium and organic matter levels and by reducing soil penetration strength. The leaf area index and the remobilization of nitrogen to grains increased, due to greater uptake before and after tasseling. The gypsum and leguminous residue combination is a more suitable strategy to improve agrosystems in cohesive soils of the humid tropics.
Introduction
Cohesive soils derived from clastic sedimentary rock, with low contents of aggregator elements, like calcium and elemental iron, are widespread in the tropics [1] . In that soil, also known as hardsetting soil [2] , crops can exploit only a thin surface layer to sustain development due to an increase of fine particles and decreased organic carbon at lower depths, which renders the deeper layers hard and inhospitable to root growth. In these circumstances, rooting is affected by depth, and any subsoil constraints can limit crop growth when the stock of water and nutrients is not sufficient in this soil volume [3] .
In tropical conditions, due to the high atmospheric evaporative demand, the actual transpiration rate may be less than the potential transpiration rate even with high soil water potential, which can lead to a loss of turgidity, decreased carbon uptake, crop growth and yield [4] . Benjamin et al. [5] suggested a soil physical indicator expressed as "water stress day" to designate the total number of days when soil moisture contents is sufficiently low to cause water stress which harms crop growth.
In cohesive sandy loam soil in tropical regions, water stress days can be counted from four days without rain, according to Moura et al., 2012 [6] .
The uptake of nutrients by crops is closely related to rootability conditions in the soil: greater root length densities result in greater amounts of nutrients uptaken and fewer nutrients losses by leaching beyond the root zone, mainly in weathered tropical soils due to the high rainfall and low nutrient retention capacity [7] . Therefore, enhancing the volume of soil explored by crops is crucial to increasing water and nutrient use efficiency and enhancing economic feasibility of the crop systems in the tropics.
Strategies to reduce cohesion and enhance soil rootability have been recommended through appropriate application of certain techniques including: (i) mechanical loosening such as deep ripping; (ii) by incorporating biomass in the soil to increasing organic matter; (iii) use of mulching; and (iv) gypsum application [8] [9] [10] [11] . Ripping cohesive soil without removing the causes of compaction might not improve yield. Each time the soil is tilled, it is aerated, which reduces the organic matter level and accelerates the process of re-compaction, increasing strength in cohesive soil after a year or less [12] . Unfortunately, in tropical regions, accumulation of organic matter, which could mitigate negative effects of cohesion on soil rootability, is impaired by conditions that favor fast decay of incorporated biomass [13] .
Mulching with surface residues has been recommended as it provides soil cover and decreases the water evaporation rate, delays soil moisture loss, and improves soil rootability [14] . Furthermore, the presence of polysaccharides and fungal activity linked to the production of proteins of the glomalin-type derived from residue addition has been found to reduce soil disintegration, mainly through the slaking mechanisms [11] . However, it was observed that increased temperature and precipitation frequently correlate with accelerated rates of biomass decay, which can lead to loss of useful products from decomposition [15] . In addition, improvements in soil structural properties with crop residue mulch may only be effective near the soil surface [16] .
To extend rootability to lower soil depths, some authors recommend using calcium as a "flocculating" agent to improve soil structure by reducing the dispersion of the clay [17, 18] . However, this practice remains questionable as the effects of calcium on aggregation seems to be positive only in sandy-kaolinitic or clayey-kaolinitic dominant soils [19] . On the other hand, some authors have emphasized positive interactions between calcium and organic compost matter derived from residue, which could enhance soil structure in the root zone [19, 20] .
Therefore, we hypothesized that using gypsum combined with leguminous residue applied on the soil surface may improve physical conditions of soil as a strategy to increase productivity and sustainability of agrosystems of the humid tropics. The aim of this work was to evaluate the combined effects of gypsum with leguminous residue on calcium and organic-C contents in the root zone and as this may affect soil penetration strength, nitrogen uptake and maize yield components in a sandy loam soil prone to cohesion.
Materials and Methods

Experimental Design
This study was conducted in five growing seasons (2011) (2012) (2013) (2014) (2015) at Maranhão State University, Brazil (2 • 30 S, 44 • 18 W). The region has a hot and semi-humid equatorial climate with two well-defined seasons: (i) a rainy season that extends from January to June; and (ii) a dry season with a marked water deficit from July to December. The annual average temperature is approximately 27 • C, the maximum temperature is 37 • C, and the minimum temperature is 23 • C. The mean rainfall (mm) during the experimental period (2011 to 2015) was 1439 mm year −1 , below the general average of the region [21] .
The local soils displayed cohesive characteristics (determined by relationship between penetration strength and volumetric water content of soil) [6, 22] and they were classified as Arenic Hapludults [23] . Before the first sowing of the experimental area in December of 2010, the chemical and physical properties of soil were determined as follows: pH 4.0 (in CaCl 2 ); 20 kg of organic carbon (C); 15 mg/dm of phosphorus (P); 25 mmol c /dm of potential acidity (Al + H); 15 mmol c /dm of calcium (Ca); 9 mmol c /dm of magnesium (Mg); 1 mmol c /dm of potassium (K); 50 mmol c /dm of cation exchange capacity (CEC); 50.0% of percentage base saturation; 300 g/kg of coarse sand, 545 g/kg of fine sand, 61 g/kg of silt; 90 g/kg of clay. In January 2011 the area was limed with 1 t/ha of surface-applied lime, corresponding to 390 and 130 kg/ha of Ca and Mg, respectively. In this same period, natural gypsum was applied at a rate of 6 or 12 t/ha in plots predetermined to receive these treatments, which corresponds to 1.02 and 2.04 kg/ha of Ca, respectively. The gypsum grain size was such that 95% by weight passed through a 0.25-mm screen mesh.
The area had been fallow since 1990 and supported a native species of grass, which was removed using a glyphosate application. The experiment was conducted under no-tillage mulch system, with planting maize seed by hand, and the experimental plot size was 4 × 8 m. Some remaining weed was removed manually. The study followed a randomized block design with four replications of the following treatments: control (C), urea (U), leguminous (L), 6 t/ha of gypsum with leguminous (LG6) or with urea (UG6), or with both (LUG6) and 12 t/ha of gypsum with urea and leguminous (LUG12). Gypsum was applied in January 2010 and soil samples were analyzed in 2012-2015. and Acacia mangium (acacia) were applied at 6 t/ha for each legume (a total of 12 t/ha per year), a rate that is commonly applied in alley cropping systems according to Aguiar et al. [24] . The legume residues were applied in the years 2011-2015, in the form of fresh branches. The quantities of nutrients added per year, calculated based on quality parameters of leguminous residues was: 342 kg/ha of N, 27.2 kg/ha of P, 60.6 kg/ha of K, 177.6 kg/ha of Ca, 33.0 kg/ha of Mg. The total amount of urea and leguminous residues were divided and applied at the time of sowing and 45 days after planting.
Soil Sampling and Analyses
Soil samples were collected in June 2012-2015 at depths of 0-10, 10-20 and 20-30 cm. Three replicates were collected using a Dutch auger 3-inch diameter. The samples from each point were passed through a 2-mm screen mesh and then air-dried prior to the analyses. Each sample was analyzed using ion exchange resin as an extractor for Ca, which was measured using a Varian inductively coupled plasma instrument (Walnut Creek, CA, USA), model ES-720, with Software ICP Expert II., based on Raij et al. [25] . The table of critical level defined by Heckman [26] was used to construct the graph of the estimated soil calcium content. Portions of the samples collected at a depth of 0-0.10 and 0.10-0.20 m were separated to determine organic carbon following wet oxidation followed by titration with ferrous ammonium sulfate method described by Tiessen and Moir [27] . The table of critical level defined by Hazelton and Murphy [28] was used to construct the graph of the estimated soil carbon content.
The soil penetration strength and soil moisture were measured at depths of 0-0.05, 0.05-0.10, 0.10-0.15, 0.15-0.20, and 0.20-0.25 m with three replicates per plot, in April of 2015, after 4 days without rain. The soil penetration strength was measured using a digital penetrometer (Falker, Porto Alegre, Brazil) with 1 cm gradations. The table of critical level defined by Hazelton and Murphy [28] was used to construct the graph of the soil penetration strength. Soil moisture was determined by gravimetric method, using samples obtained in the same period of assessment of soil penetration strength, at three points along the given line. In the year 2015, urea treatment was not sampled for soil chemical and physical analyses, only the control was sampled to represent the treatment without gypsum with bare soil.
Plant Analysis, Yield Components and Water Stress Days
The analysis of plant tissue was only performed in 2015. The leaf area index (LAI) was calculated using the area of each leaf from the formula 0.75 × length × width. The values of length and width were obtained from the biometric measurements of the largest leaf of ten plants per plot chosen randomly [29] . Nitrogen accumulation amount was measured on two occasions, at tasseling (NT; or approximately 1 week before anthesis) and at the physiological maturity stage (total nitrogen accumulated and amount of nitrogen in grain). At each sampling, five plants from each plot were randomly selected and separated into leaves, stalks and, at the second sampling, reproductive components. All these plant materials were dried at 60 • C for 3-4 days to obtain a constant weight. Subsamples were collected and ground to pass through a 1-mm screen mesh. Total N concentration was determined in the maize following sulfuric acid-hydrogen peroxide (H 2 SO 4 -H 2 O 2 ) digestion according to the standard method described by Cottenie [30] . Based on the measurements of plant dry matter (DM) and N uptake, we calculated the amount of N remobilization (NR): [(DM in all vegetative organs at tasseling × N concentration at tasseling)-(DM in all vegetative organs at maturity × N concentration in all vegetative organs at maturity)]. The amount of N uptaken post -tasseling (NPT) was calculated: (N accumulation amount in all organs at maturity-N accumulation amount in all organs at tasseling).
The yield components were only analyzed in the year of 2015. The weight of the ears, number of grains per ear, and weight of grains were determined, and all the values were adjusted according to moisture level of 145 g kg −1 . We determined the weight of 100 grains by weighing the grain on a scale with an accuracy of 0.0001 g. The maize yield was determined at the final harvest or at physiological maturity in 2011-2013 and 2015, which was assessed in a 12/m 2 area.
The cumulative water stress days were calculated considering the number of days after four days without rain following findings by Moura et al., 2009 and Benjamin et al., 2003 [5, 22] , using climate data collected in a Remote Automated Weather Station located next to the experimental area.
Results were subjected to analysis of variance (ANOVA) and means were compared by Duncan's test (p < 0.05) whenever the F-test was significant, using InfoStat software (InfoStat Group, College of Agricultural Sciences, National University of Córdoba, Córdoba, Argentina).
Results
Enhancement of Root Environment and Responses in Maize Grain Yield
In the 0-10 cm layer the calcium content was increased by applying gypsum just in the years 2012 and 2013 (Figure 1a (Figure 1c) , was low in the control, medium in L, LUG6 and UG6 and high in the treatments LG6 and LUG12. In the same year (2015) only in the treatment with gypsum without leguminous residue (UG6), the calcium content was not significantly higher than from those with lime alone (C and L), in the 0-0.30 m depth layer.
In the plots with leguminous residue the organic-C content was higher than in the uncovered plots. In the 0-0.10 m layer, the organic-C content was higher in treatment UG6 than in the control treatment, with larger differences in the years 2012-2015 (Figure 2a ). In the 10-20 cm layer organic-C was higher when was used gypsum with leguminous than in plots with leguminous alone. All treatments showed moderate critical levels of organic-C content from the first until the last year in the 0-10 cm layer, while it was low in the 10-20 cm layer (Figure 2b ). There was no increase in organic-C content from the first to fourth years, even in the treatments with leguminous residue. LG6 = leguminous and 6 t/ha of gypsum; UG6 = urea and 6 t/ha of gypsum; LG6 = leguminous, urea and 6 t/ha of gypsum; LUG12 = leguminous, urea and 12 t/ha of gypsum. Bars show standard errors. Horizontal bars mean the critical levels by Hechman (2006) [26] .
The soil moisture was higher in the treatments with biomass, but it was not different between them. The soil strength was lower in the plots with gypsum plus leguminous residue in the 0.05-0.20 m layer compared to the control plots (Figure 3 ). There was no significant difference between the treatments in the 0-0.05 m layer where all treatments were loose. Except to LUG12 and LUG6, from the 10-15 cm layer all the treatments were dense four days after the rain. In the 20-25 cm layer, the treatments without cover (UG6 and C) were very dense. In the plots with gypsum, urea and leguminous, the effect of the gypsum on decreasing of soil strength was up to 25 cm, compared to the control. LG6 = leguminous and 6 t/ha of gypsum; UG6 = urea and 6 t/ha of gypsum; LUG6 = leguminous, urea and 6 t/ha of gypsum; LUG12 = leguminous, urea and 12 t/ha of gypsum. NS, not significant. Vertical bars mean the critical levels by Hazelton & Murphy (2007) [28] .
The maize yield was impaired in 2012 in all treatments (Figure 4) . In this year, the maize underwent nine water stress days, five of which were just in the grain filling stage ( Figure 5 ). In the other years, the water stress days were three in 2011, two in 2013 and four in 2015. LG6 = leguminous and 6 t/ha of gypsum; UG6 = urea and 6 t/ha of gypsum; LUG6 = leguminous, urea and 6 t/ha of gypsum; LUG12 = leguminous, urea and 12 t/ha of gypsum. Bars show standard errors. 
The Leaf Area Index, Nutrient Uptake and Nitrogen Remobilization
The leaf area index was larger in the treatments with leguminous residue and gypsum, without differences between them (Table 1 ). There was no significant difference between the treatments with urea and the control. Differences in amount of nitrogen at tasseling and amount of nitrogen remobilization were substantial and both leguminous residue and gypsum increased the nitrogen accumulated in the vegetative stage and remobilized, so that L > C and UG6 > U. The amount of nitrogen at tasseling and the amount of nitrogen remobilization were higher in the treatments with urea, leguminous residue, and gypsum (LUG6, LUG12) and were lower in the plots without leguminous residue or gypsum (U, C). In the other treatments nitrogen uptake was intermediate and without significant difference between them. The greatest amount of nitrogen uptake post-tasseling was shown to be in the treatments with leguminous residue (Table 1) . Thus, the treatment LG6 was 26% higher than UG6 and L was 32% higher than U. There were no significant differences between the treatments LUG12 and LG6. The amount of nitrogen in grain was also greater in the treatments with gypsum combined with leguminous residue. There was no difference among the treatments LUG12, LUG6, and LG6, which were higher than in other treatments, except for L. Once again, the treatments U and control showed the lowest values of amount of nitrogen in grain. The total N accumulated was greater in LUG6, LUG12, and LG6 than in U and the control where it was not different. The dry matter at maturity was higher in the treatments with leguminous residue, urea and gypsum and it was lower in the plots without gypsum and leguminous residue. Both leguminous, urea and gypsum increased the dry matter so that L and U > C and UG6 > U.
Greater differences were shown by the weight of ear and number of grains per ear, which was higher in LUG12 and LUG6 than in treatment with urea alone and the control treatment, which showed the lowest values (Table 2) . Differences in the weight of 100 grain among treatments were small and all the treatments were higher than the control, except for the treatment with urea alone. The weight of grains was greater in the treatments LUG12, LUG6 and LG6, than in the control and urea treatments alone, which did not show significant differences between them, but the UG6 and L treatments were greater than the control. .95 a C = control; U = urea; L = leguminous; LG6 = leguminous and 6 t ha −1 of gypsum; UG6 = urea and 6 t ha −1 of gypsum; LUG6 = leguminous, urea and 6 tha −1 of gypsum; LUG12 = leguminous, urea and 12 t ha −1 of gypsum. Note: Different letters in the same row indicate differences at the 5% level by Duncan's test.
Discussion
The combination of the high rainfall levels of the study period (7194 mm) with the high water infiltration rate of the soil can explain the fast downward movement of calcium in the soil profile (Figure 1 ). In the same soil, Moura et al. [22] found a water infiltration rate of around 70 mm h −1 .
Furthermore, in most sandy loam soils with a small buffering capacity in which cations do not interact strongly with the soil matrix, the applied Ca fertilizers result in a higher concentration in the soil solution than may be leached if large amounts of water percolate down into the soil profile [31] . This can also explain the small differences in calcium content between the treatments with 6 or 12 t per ha of gypsum. In contrast, the formation of cation bridges with products derived from decomposition of the applied biomass can account for the highest calcium level in the plots with leguminous residue. Polyvalent cation "bridges" can be formed between negatively charged particles, essentially binding organic molecules together or to minerals [20] . The major cation involved in the formation of bridges is Ca 2+ ; therefore, interactions between calcium organic macromolecules result in the formation of strong bonds involving Ca 2+ organic colloids. Furthermore, variation in exchangeable cation concentrations can affect fluxes of dissolved organic matter by stabilizing negatively charged organic matter through sorption to positively charged cations [32] . The bond between polyvalent cations and negatively charged organic matter functional groups is not easily reversible and surfaces of organic materials will be least accessible for microbial activity. This flocculation prevented biological, chemical, or physical breakdown, which explains the differences in organic-C in the plots with gypsum, compared to treatment with leguminous residue alone ( Figure 2 ) [33] . Although higher amount of calcium added in L (calcium derived from leguminous + lime) and UG6 (calcium derived from gypsum + lime) no difference was found between the control and these treatments, where the calcium contents was lower than in LG6. That finding confirm the effects of the positive interactions between leguminous and gypsum to increased calcium contents in 0.10-0.30 m layer.
The soil strength above the 0.10-0.15 m layer just 4 days after the rain (>1.5 MPa), in the control treatment, shows the need for enhancing the depth of the rootable layer (Figure 3 ). Provided that, the differences among treatments with biomass cannot be explained only by small and not significant variations in soil moisture, the biomass and gypsum combined were able to improve the soil root environment. According to Shepherd et al. [34] , residue application may contribute to an environment favorable to rootability promoting the formation of 'ephemeral structures' by increasing the free light fraction of soil organic matter. In turn, the improvements caused by gypsum are both direct (increasing flocculation and aggregation in the subsoil) and indirect (improving root activity, which leads to greater soil aggregation) [9] .
Anikwe et al. [17] also reported the positive effect of gypsum on soil physical and chemical properties from a degraded tropical soil because of Ca 2+ applied via gypsum to flocculate soil particles thereby creating supportive soil conditions. Furthermore, Wuddivira and Camps-Roach [19] also reported that calcium in addition to organic matter could improve aggregation in a sandy-kaolinitic soil by increasing aggregate stability resulting from the formation of strong bonds involving Ca 2+ bridges, which increases soil rootability. It is worth highlighting that one year after the application, the leguminous residue and gypsum was not able to mitigate the impact of water stress in the treatments with highest yield (Figure 4) . Thus, in the 2012 the yield reflected the amount of water stress the plant was subjected to during the growing season (cumulative water stress days), mainly during the grain filled stage. Unfortunately, mulch and soil amendment were not able to avoid water stress effect on maize grain yield ( Figure 5 ).
The differences in the leaf area index showed that the mulch, more than applied gypsum or nitrogen, increased leaf expansion, which is one of the most sensitive processes to crop stress and can reduce the intercepted photosynthetically active radiation (Table 1) . Dry matter production increases linearly with the amount of solar radiation intercepted by the current leaf area [35] . According to Sadras and Milroy [36] , reduced leaf area is probably the most obvious mechanisms by which crops restrict water loss in response to soil-stress. Indeed, four days of water stress during the vegetative stage could have harmed leaf growth in the uncovered plots in the year 2015. In turn, as the plants with mulch also showed higher accumulated N at tasseling stage, the increased leaf area index in the covered plots may be also due to greater nitrogen contents in leaves. During vegetative growth, N supply has a marked influence on leaf area development. The main effect is on leaf expansion due to increase in availability of cytokinins, which play a key role in leaf elongation rate through cell division, or cell elongation at the leaf base in young leaves [37] .
Both, leguminous and gypsum increased the N uptake at a vegetative stage. Additionally, when combined (in LUG6), they increased N uptake around 40% by tasseling stage, compared to treatment with urea alone (U) ( Table 1 ). The absorption of N is highly dependent on root development and therefore soil rootability, while root system growth results in greater uptake and less N leaching [38] . In the same way, the N remobilization was also affected by the gypsum and leguminous residue with great differences (around 85%) between LUG6 and C. As during the grain-filling period, N uptake is generally insufficient for high demand of the seeds; remobilization in the different plant organs is needed to route nitrogen to the grains. The relative flow and remobilization of nitrogen to the grain during the grain-filling period can be analyzed in terms of source of nitrogen to redistribution and sites for reutilization and storage [39] . Therefore, the variation in the amounts of N remobilized was similar to those amounts of N at the tasseling stage. On the other hand, N depletion, tends to accelerate the senescence of leaves, reducing photosynthesis and decreasing ear weight [40] . This reveals the importance of amount of nitrogen uptake post-tasseling, increased by the gypsum and leguminous combination. Differences in the amount of N uptake post-tasseling between the treatment LUG6 (42.2 Kg ha −1 ) and U (28.0 Kg ha −1 ) is crucial to demonstrate the positive effect of the gypsum-leguminous combination on N availability and uptake. Under high leaching conditions, only a sporadic supply of nitrogen in strips besides rows, as done when applying urea, may not meet N needs of maize after the tasseling stage [18] . Therefore, a slow-releasing nutrient supply from decomposition of legume residues and the enhancement of soil rootability made possible a higher N uptake, so that in LG6 (without urea) the total N accumulated was similar to LUG6 and LUG12 and was higher than in U. Both the urea and the leguminous residue increased the number of grains per ear and the weight of ears, but the weight of grain in LG6 was as high as in LUG6, which confirms the small effect of urea on the maize yield (Table 2) . Indeed, while the weight of grains in the treatment U was similar to the control, in the LG6 it was twice as higher compared to control. In addition to the greater nutrient available and uptake, the positive effects of leguminous residue and of gypsum on maize yield for this soil can be potentially attributed primarily to larger plant transpiration rates in covered soil and consequently higher CO 2 assimilation rates, as reported by Moura et al. [22] . Both processes rely heavily on increased root length and on delayed soil drying, both of which are improved by mulching and gypsum.
Conclusions
Applying gypsum with leguminous residues modified the root zone by increasing the level of calcium and organic matter and reduced the soil strength compared with other treatments. In the maize crop, these changes increased the leaf area index and the nitrogen remobilization to grains due to greater uptake before and after tasseling. This positive effect on the physiological process also produced variations in maize grain yield, meaning that, rather than increase mineral fertilization alone, the gypsum with leguminous residue combination is a more suitable strategy to increase productivity and enhance sustainability of agrosystems of the humid tropics.
